A huge amount of inorganic acids can be produced and emitted with waste gases from integrated circuit manufacturing processes such as cleaning and etching. Emission of inorganic acids from selected semiconductor factories was measured in this study. The sampling of the inorganic acids was based on the porous metal denuders, and samples were then analyzed by ion chromatography. The amount of chemical usage was adopted from the data that were reported to the Environmental Protection Bureau in Hsin-chu County according to the Taiwan Environmental Protection Agency regulation. The emission factor is defined as the emission rate (kg/month) divided by the amount of chemical usage (L/month). Emission factors of three inorganic acids (i.e., hydrofluoric acid [HF], hydrochloric acid [HCl], and sulfuric acid [H 2 SO 4 ]) were estimated by the same method. The emission factors of HF and HCl were determined to be 0.0075 kg/L (coefficient of variation [CV] ϭ 60.7%, n ϭ 80) and 0.0096 kg/L (CV ϭ 68.2%, n ϭ 91), respectively. Linear regression equations are proposed to fit the data with correlation coefficient square (R 2 ) ϭ 0.82 and 0.9, respectively. The emission factor of H 2 SO 4 , which is in the droplet form, was determined to be 0.0016 kg/L (CV ϭ 99.2%, n ϭ 107), and its R 2 was 0.84. The emission profiles of gaseous inorganic acids show that HF is the dominant chemical in most of the fabricators.
INTRODUCTION

According to the "Air Pollution Regulation and Emission
Standard for the Semiconductor Manufacturing Industry (APRESS)" rectified and issued by the Taiwan Environmental Protection Administration (TEPA) in April 1999, 1 the semiconductor manufacturing industries are defined as those who engage in integrated circuit (IC) wafer production, wafer package, epitaxial, photo-mask production, and wire frame production. Semiconductor manufacturing industries contribute significantly to economic growth and have become the most important industry in Taiwan. However, the emission of hazardous air pollutants (HAPs) produced by the industries increasingly is deteriorating the ambient air quality. An emission factor is a representative value that attempts to relate the quality of a pollutant released to the atmosphere with an activity associated with the release of that pollutant. 2 The "Compilation of Air Pollutant Emission Factor, AP-42" details the most complete list of emission factors from various industries, including the emission factors of total organic compounds (TOCs), volatile organic compounds (VOCs), methane (CH 4 ), ethane (C 2 H 6 ), and other kinds of organic and inorganic compounds. A specialty conference (i.e., "Emission Inventory: Regional Strategies for the Future") was held in 1999 sponsored by the Air & Waste Management Association (AWMA) and the U.S. Environmental Protection Agency to discuss the application of the emission inventory. 3 To date, there is still no inorganic acid emission factor of IC-related process reported. In Taiwan, the "Handbook for Estimation of Taiwan Air Pollutant Emission" issued by TEPA in 2000 can be consulted to calculate the amount of emissions of various pollutants produced by different industries, but the emission factor for the IC manufacturing industry has not been reported yet. 4 The objective of this study is to estimate the emission factor of inorganic acids for semiconductor manufacturing IMPLICATIONS Emission factors of inorganic acids for semiconductor manufacturing are required in Taiwan to determine the air pollution fee and initiate its collection from factories. The emission profile also is needed to better understand the industrial air pollution problems. Therefore, Hsin-chu County has performed an investigation project to study the characteristics of industrial inorganic acid emissions.
processes. This can be a reference for various governmental organizations in regulating emission control laws and policies on pollution reduction and, thus, can achieve the goal of air quality management and improvement.
METHODS
Semiconductor Fabrication
In IC fabrication, inorganic acid emission is produced mainly during the procedure of wafer surface cleaning and etching. A typical process flow of wafer fabrication is shown in Figure 1 , and a list of chemicals commonly used in semiconductor process is shown in Table 1 . The major air pollutants emitted from IC industries include the VOCs, such as isopropyl alcohol (IPA), acetone, propylene glycol monomethyl ether acetate (PGMEA), and ethyl acetate, and the inorganic acids, such as hydrofluoric acid (HF), sulfuric acid (H 2 SO 4 ), and hydrochloric acid (HCl).
The emitted waste gas also includes some other toxic pollutants, such as arsenical compounds. Semiconductor fabricators (fabs) use the wet-scrubber technique (scrubbing liquid: water; pH: 8.5-9.5; circulating water flow rate: 40 -55 t/hr; blow-down period: 8 -24 hr) to control the inorganic gas emissions. Article 3 of the APRESS states that the regulation is applied to those semiconductor fabs having yearly consumption of chemicals equal to or more than the amount shown in Table 2 . For the inorganic acids (i.e., HF, nitric acid [HNO 3 ], and HCl), the removal efficiency of operating control devices should be more than 95%, or the total emission amount of each chemical in a fab should be less than 0.6 kg/hr, whereas H 2 SO 4 removal efficiency of operating control devices should be more than 95%, or the total H 2 SO 4 emission amount in a fab should be less than 0.1 kg/hr. It also is mentioned in APRESS that the factories that fall under these regulation criteria should submit a seasonal report to the local environmental authority (Environmental Protection Bureau). The content of the report should include the chemical usage data, operating gas flow rate, circulating liquid flow rate, and pH value of inorganic acid control devices (wet scrubbers). There are 36 semiconductor factories that fall under the regulation of APRESS, operating at Science-Based Industrial Park (SBIP), Hsin-chu County, Taiwan. Five to 10 fabs were selected to estimate the emission factors of HF, H 2 SO 4 , and HCl in this study, based on whether they use these chemicals. These fabs are better representative of the database of inorganic acid emission factors, because they are large-scale factories and involve similar types of manufacturing processes and facilities ( Table 3 ). All of the data from some small factories are not available, but from the available data, it can be predicted that the selected fabs are the representative of the 36 factories. The collected information of representative factories includes the type and amount of chemicals used, operating flow rate, and monthly production quantity for each factory.
Emission Estimation
There is no continuous emission monitor (CEM) system for the monitoring of inorganic acid concentration. However, there are monitoring data for operating gas flow rate, circulating liquid flow rate, and pH value of wet scrubbers. For estimation of the emission of inorganic acids, the source test method was adopted. Sampling of inorganic acid was based on porous metal denuders containing a Teflon filter to collect particles followed by two porous metal discs coated with 5% sodium carbonate (Na 2 CO 3 ) and 4% citric acid to absorb acidic and basic gases, 5, 6 respectively. The sampling flow rate was maintained at 2 L/min. After sampling, the filters were extracted with deionized water and the samples were then analyzed by ion chromatography (model 4500i, Dionex Corp.). The method used to calculate the emission amount is as follows: 
Emission Factor
The emission factor is defined as the average emission of air pollutant produced by per-unit production or original chemical consumption. In this study, the emission factor (E f ) is determined by the following equation:
where M E is pollutant mass emission per unit period (e.g., kg/day); and P is usage amount of chemicals per unit period (e.g., L/day). The estimating steps of the emission factor 7-12 were • Step 1: Collecting the monthly amount of chemicals used. • Step 2: Analyzing the relationship between the total amount of chemicals used and the original emission amount per unit period for selected fabs.
• Step 3: Estimating the emission factor for each semiconductor factory. The calculation was based on the amount of pollutant emitted per unit usage amount of chemicals. • Step 4: A linear regression function (y ϭ ax) was employed to fit the data of usage amount of chemicals and emission amount from different fabs. The correlation coefficient (R 2 ) also was determined to verify the relationship, and the emission factor was presented.
Emission Characteristic
Inorganic acid emission profiles of six typical IC manufacturing fabs (i.e., T-2, T-3, T-5, Um, Cd, and Sd fabs) were determined by carrying out the stack sampling using the porous method denuders sampler. The samples were analyzed by ion chromatography. Figure 2 shows the monthwise total usage of HF for each factory. The monthly variation in the HF emission amount is represented in Figure 3 . Figures 4 and 5 show the monthly total usage and emission of HCl for each factory, respectively. The monthly variation in H 2 SO 4 total usage and emission amount are represented in Average 0.0075 (CV ϭ 60.7%, n ϭ 80)
RESULTS
Notes: -ϭ Data not available; CV ϭ Coefficient of variation; n ϭ Number of data. Notes: -ϭ Data not available; CV ϭ Coefficient of variation; n ϭ Number of data. Chein, Chen, Aggarwal, Tsai, and Huang Figures 6 and 7 , respectively. The data of HF, HCl, and H 2 SO 4 emission factors, E f , are given in Tables 4, 5 , and 6, respectively. According to Table 4 , the final average value of the emission factor (i.e., E f for HF) is estimated to be 0.0075 kg/L (coefficient of variation [CV] ϭ 60.7%, n ϭ 80). To justify the relationship between the amount of usage of HF (see Figure 2 ) and the HF emission amount (see Figure  3) , a linear regression statistics analysis (for n ϭ 80) was performed as shown in Figure 8 . The linear regression equation is determined to be y ϭ 0.0052x (where y ϭ HF emission amount, x ϭ usage amount of HF). The regression analysis shows that E f is equal to 0.0052 kg/L with correlation coefficient (R 2 ) ϭ 0.82, which is close to the estimated emission factor. According to Tables 5 and 6 , the final average values of E f for HCl and H 2 SO 4 are estimated to be 0.0096 kg/L (CV ϭ 68.2%, n ϭ 91) and 0.0016 kg/L (CV ϭ 99.2%, n ϭ 107), respectively. To justify the relationship between the usage amount of HCl and H 2 SO 4 (see Figures 4 and 6) and their emission amount (see Figures 5 and 7) , the linear regression statistics analysis were performed as shown in Figures 9 and 10 , respectively. The linear regression equations are determined to be y ϭ 0.011x for HCl (n ϭ 91) and y ϭ 0.00048x for H 2 SO 4 (n ϭ 107). The emission factors determined by regression analysis (i.e., E f for HCl) is equal to 0.011 kg/L with R 2 ϭ 0.9, which is almost the same as the estimated value, whereas for H 2 SO 4 , E f is equal to 0.00048 kg/L with R 2 ϭ 0.84. The difference between estimated and regression analysis values of E f for H 2 SO 4 attributed as the CV of the estimated value is very high, which may be because of the comparatively lower E f (because of the low emission rates and high usage of H 2 SO 4 ). To understand the emission characteristics, inorganic acid emission profiles of eight typical IC manufacturing fabs were determined by ion chromatography analysis. Figures 11 and 12 show the gas and the particle emission profiles of inorganic acids for T-2, T-3, T-5, Um, Cd, and Sd fabs.
DISCUSSION
In general, the monthly usage of chemicals in all the factories is found to be consistent. Figures 2, 4, and 6 show the variation profiles of total usage of HF, HCl, and H 2 SO 4 , respectively, and are mostly steady except for the variation in factory T-3 in Figure 2 . Similarly, Figures 3, 5 , and 7 show that the monthly variation in the emission amounts of all the factories is very stable except for factory T-3 in Figure 3 . This also can be seen in Figures 8 -10 (i.e., the R 2 values show that the usage amount of chemicals and the emission amount are correlated quite considerably). In other words, while the amount of chemical usage increases, the emission amount also increases proportionally. The emission factors of HF, HCl, and H 2 SO 4 for the wafer production processes of the IC industries are estimated to be 0.0075, 0.0096, and 0.0016 kg/L, respectively. According to Figure 11 , the most dominant gas emission in factories T-2, T-3, T-5, Um, and Sd is HF, which is emitted mainly from the cleaning and etching processes. For example, in the emission profile of factory T-2, the dominant chemicals are HF (85%) and HCl (15%). In addition, HNO 3 is present in the emission profiles of Figure 8 . Relationship between emission and usage of HF in semiconductor manufacturing processes.
factory Cd, while it is totally absent in factories T-2, T-3, T-5, Um, and Sd profiles, depending on what kind of chemicals the fabs are using. A significant amount of HNO 3 emissions (74%) is identified in factory Cd. Figure 12 shows the particle emission profiles of inorganic acids. Based on this figure, the most dominant species of the emission is fluorine (F Ϫ ) in factories T-5 and Sd. However, in factories T-2 and T-3, the H 2 SO 4 droplet is the main component of the emissions. In the Sd emission profile, chlorine (Cl Ϫ ) is the most dominant emission species. A significant amount of nitrate (NO 3 Ϫ ) emission is identified in factories Cd and T-3 profiles, but they are totally absent in factory T-2 and Sd profiles. In summary, the six emission profiles of fabs T-2, T-3, T-5, Um, Cd, and Sd can be treated as the representative profiles for the fabs considered in this study.
CONCLUSIONS
Emission factors are estimated to be 0.0075 kg/L with CV ϭ 60.7%, n ϭ 80 (HF); 0.0096 kg/L with CV ϭ 68.2%, n ϭ 91 (HCl); and 0.0016 kg/L with CV ϭ 99.2%, n ϭ 107 (H 2 SO 4 ) for semiconductor manufacturing processes based on the collected data and analyzed from typical fabs. Care should be taken to apply these emission factors Chein, Chen, Aggarwal, Tsai, and Huang in many situations, such as in ambient dispersion modeling and analysis, control strategy development, and screening sources for compliance investigation. These emission factors represent the average value from limited fab source data without consideration of control equipment. Average emissions may differ significantly from source to source as shown by the CV in this study (see Tables 4 -6 ). The emission would be greatly reduced if control equipment was properly selected, installed, and operated. In addition, the emission profiles represent the fingerprint of the fab emission and show that HF is the most dominant chemical in the gaseous emission of al- most all fabs; however, in the fingerprint of particle emission, the H 2 SO 4 droplet, F Ϫ , and Cl Ϫ are the main emission species, which depends on whether the fab is using the chemical.
